[1] Surface currents to the east of Okinawa Island were observed by using HF (highfrequency) ocean radars in August-September 1995. During that period, a typhoon passed near the observation area, and the horizontal variability of near-inertial oscillations associated with the typhoon passage was estimated. In addition, the near-inertial amplitudes and horizontal wave number vectors were estimated. These estimations showed that the near-inertial amplitude was large in the offshore area and small near the coast. The maximum near-inertial wavelength was estimated to be in the order of 1000 km, and the near-inertial wave direction was southward and changed to northwestward on 23 August in 1995. A slab model, incorporating low-frequency currents, was used to calculate near-inertial currents. It was found that the amplitude of calculated near-inertial oscillations was also large in the offshore area. Moreover, the phase-propagation direction of the near-inertial waves was southward and changed to northwestward or westward on 22 August. The growth rate obtained from the dispersion relation was large in the offshore area, where the near-inertial amplitude was large. 
Introduction
[2] Understanding the upper ocean's response to a moving tropical cyclone such as a typhoon or a hurricane has been a major problem for physical oceanography over the past decade [e.g., Price, 1981; Price et al., 1994; Shay et al., 1998a; Zedler et al., 2002] . It is possible to conduct observational studies of the ocean response to tropical cyclones only when the tropical cyclone passes near an observation system. Okinawa Island is located to the southwest of mainland Japan, and typhoons often pass near the island. The current field near the Okinawa Island is affected by the Kuroshio current in the East China Sea and mesoscale eddies.
[3] The surface current field to the east of Okinawa Island was described by Hisaki et al. [2001] according to observation by HF (high-frequency) ocean radars in the spring of 1998. Prior to their observation by HF ocean radars in 1998, we observed ocean currents by HF ocean radars from August 1995 to September 1995. During the observation period, Typhoon 9507 (Janis) passed by the observation area. The surface current associated with the passage of that typhoon is described in the current study.
[4] Near-inertial oscillations are often observed in the upper ocean, especially when the surface wind stress changes with the passage of a storm. The horizontal variability of near-inertial oscillations varies with windforcing, location, and geostrophic shear. For example, although they investigated the non-hurricane forced case, Chen et al. [1996] showed that near-inertial oscillations were the largest in the shelf break, decaying gradually toward the coast but then decreasing rapidly offshore. The near-inertial currents also interact with mesoscale eddies. There are theoretical studies on the relation between nearinertial oscillations and geostrophic shear [e.g., Weller, 1982; Kunze, 1985; van Meurs, 1998; Young and Ben Jelloul, 1997] . Kunze [1985] derived a dispersion relation of the near-inertial waves under the WKB approximation; that is, near-inertial wave scales are much smaller than the flow scale.
[5] van Meurs [1998] showed that the gradients in the mesoscale vorticity are important for factors in the evolution of the near-inertial mixed-layer currents when the spatial scales of the near-inertial and geostrophic currents are similar. These studies, in turn, suggest that if the vorticity scales of the quasi-geostrophic ocean features are considerably less than the near-inertial wave scale, the quasi-geostrophic current field may not necessarily play a significant role in the nearinertial wave evolution.
[6] On the other hand, Young and Ben Jelloul [1997] show that mesoscale eddies do affect the evolution of nearinertial waves. The prediction of the inertial wave field by considering its interaction with mesoscale eddies is insufficient. For example, D'Asaro [1995] noted that mesoscale circulation was not resolved in the Ocean Storms Experiment; therefore, they could not account for the interaction between those eddies and the inertial wave field. It is necessary to observe currents at a fine spatial resolution in order to investigate the interaction between inertial currents and mesoscale (low-frequency) currents.
[7] HF ocean radars can measure ocean currents at a fine resolution. An HF ocean radar system has been shown to be one of the most promising methods of effectively measuring a spatially evolving current [Takeoka et al., 1995; Hisaki et al., 2001] and wave fields [Hisaki, 1996 [Hisaki, , 2002 [Hisaki, , 2003 ]. There have been several studies using HF ocean radars at a fine resolution to investigate the horizontal variability of near-inertial currents [Shay et al., 1998b; Chant, 2001; Peters et al., 2002] . These previous studies showed that the near-inertial current is highly variable even in the HF radar observation domain (about 50 km square). However, the observation area of these studies was a continental shelf; that is, the water depth of the observation area was less than about 200 m in the study by Shay et al. [1998b] and Peters et al. [2002] , and less than about 25 m in the study by Chant [2001] .
[8] On the other hand, the water depth of our observation area ranges from 200 m to 2000 m. The difference of horizontal currents between shallow and deep areas can therefore be investigated from our observation. The surface currents in the area deeper than about 1000 m were affected by mesoscale eddies, while winds affected surface currents in the region shallower than about 1000 m [Hisaki et al., 2001] . The objective of the current study is to investigate the horizontal variability of near-inertial oscillations in an observation area characterized by deep and coastal areas.
[9] In section 2, we describe the experimental design and general features of typhoon (tropical storm) Janis. Section 3 presents the observation by HF ocean radars. The horizontal variability of near-inertial currents was investigated based on the simple slab model in section 4. The result is discussed in section 5. Section 6 presents conclusions. Vertical properties of near-inertial oscillations were not investigated.
Observation

Experimental Design and Data Analysis
[10] The HF ocean radars of the Okinawa Radio Observatory (Okinawa Subtropical Environment Remote-Sensing Center), Communications Research Laboratory, were deployed along the east coast of Okinawa Island (Figure 1 ). The inertial period (IP) is about 27 hours.
[11] The radars were located at site A (26°04 0 48 00 N, 127°41 0 23 00 E) and site B (26°16 0 55 00 N, 127°48 0 26 00 E) in Figure 1 . The radio frequency was 24.515 MHz, and the temporal resolution of the radar system is 2 hours. The measured current vectors were mapped onto a grid with a horizontal resolution of 1.5 km as shown in Figure 1 . The radar is a beam-forming type, and the beam forming is electronically controlled by the phase shifter in real time. The details of the radar system are described by Hisaki et al. [2001] .
[12] The observation period for the HF ocean radars was from 2 August 1995 to 10 September 1995. However, the data were actually recorded from 15 August to 17 August and from 20 August to 10 September. The HF-ocean-radarderived currents were compared with the currents measured by the current meter described by Hisaki et al. [2001] . The correlations were greater than 0.85, and the root-mean square difference between the sensors was about 10 cm s À1 [Hisaki et al., 2001] . The HF ocean radar-derived currents can thus be considered sufficiently accurate for our purposes.
[13] The surface wind data at 10-min intervals at the location Itokazu (I, 26°09 0 N, 127°46 0 E, elevation: 186 m) were supplied by the Japan Meteorological Agency (JMA). The wind field for Typhoon Janis is not accurately known. We used two sets of the best track data of the typhoon from JMA and the U.S. Joint Typhoon Warning Center (JTWC) [Etro and Bassi, 1995] located at Guam.
[14] There were some differences between the two data sets. The JMA best track data included the position of the storm center (latitude and longitude), central pressure ( p c ), maximum wind speed (U max ), and the radius of 15 m/s wind speeds (R 15 ). The central pressure and maximum wind speed were inferred from the method of Dvorak [1975] , and the value of R 15 was inferred from the method of Hagiwara et al. [1989] .
[15] Hourly sea level pressure data at JMA stations were also used in order to construct a tropical-cyclone windprofile model (TCWPM). The JMA stations are Naze (Nz, 28°22.6N, 129°29.9E), Yonaguni (Yg, 24°27.7N, 123°0.6E), Ishigaki (Is, 24°19.9N, 124°9.8E), Miyako (Mk, 24°47.4N, 125°16.7E), Kume (Km, 26°20.1N, 126°48.3E) Naha (Nh, 26°12.2N, 127°41.3E), Nago (Ng, 26°35.4N, 127°58.1E), Okinoerabu (Ok, 27°25.7N, 128°42.4E), and Minami-Daito (Md, 25°49.7N, 131°13.5E). The three-hourly sea level pressure and seasurface winds were observed by a JMA buoy (28°10'N, 126°20 0 E). The center pressure data of the typhoon estimated by JMA were also used to construct the TCWPM.
Pressure and Wind Models
[16] The TCWPM was used to infer the parameters of typhoon Janis and to investigate the effect of horizontal variability of winds on near-inertial currents. Sea level pressure p at position vector r relative to the storm center is expressed by Schloemer's model as
where r = jrj is the horizontal distance to the storm center, and p n is the ambient pressure, which is evaluated from the JMA weather chart. A typical value of p n is 1010 hPa. If the Coriolis force is small in comparison to the pressure gradient and centrifugal force, the air will be in cyclostric balance. Parameter r 0 is the radius of the maximum gradient winds [Holland, 1980] . It is estimated from the JMA pressure data and JMA best track data as described in section 2.1. The storm transition vectors (U t ) are estimated from JMA best track data. Gradient wind speed V g is written as
where r a is air density, and f is the Coriolis parameter.
Equations (1) and (2) may accurately model the radial dependence of tropical cyclone tangential winds in the inner core region, but they do not accurately model the outer wind structure of a tropical cyclone since equation (2) extends the cyclonic winds to infinity [Carr and Elsberry, 1997] . Equation (2) was used to infer the radius of maximum winds, R max .
[17] The Carr and Elsberry model was used [Carr and Elsberry, 1997; Chu et al., 2000] to compute the wind vector relative to the center of the tropical cyclone (V c (r) = (v t , v r )) as
where R 0 is the radii of zero tangential velocities, v t and v r are the radial and tangential velocity components, g is the inflow angle of the wind, f 0 = f at the storm center, and a = r/R max . Note that jV c (r)j = 0 for r > R 0 . The parameter R 0 is estimated from the equation jV c (R 15 )j = 15 for a given g. The wind vector of TCWPM (V TC ) is expressed by the combination of the wind vector relative to the center of the tropical cyclone (V c ) and the storm transition vector (U t ) expressed as
where c = r/(0.9R 0 ) [Chu et al., 2000] . Optimal inflow angle g is estimated by comparing the wind vectors of the TCWPM (equation (5)) with observed sea surface winds at a JMA buoy, and g = 0. The RMS difference between wind speeds of TCWPM and sea-surface wind speeds at the JMA buoy was 1.76 m/s when the distance between the storm center and the JMA buoy was less than 350 km. northwestward and slowly became more organized [Etro and Bassi, 1995] .
Typhoon Janis
[19] Figure 2 indicates the track of the typhoon Janis in the vicinity of the Okinawa Island from JMA data. The HFradar observation area was located to the right side of the center of the typhoon. Rightward bias, which is the enhancement of the inertial oscillation to the right of the storm path due to the clockwise rotation of both wind vectors and inertial currents in time [Price, 1981] , may occur in the HF-radar observation area.
[20] The closest distance between the HF-ocean-radar observation area and the center of the typhoon was about 260 km at 1200 local time (LT) 23 August. From JMA data, the minimum surface pressure was 990 hPa, and the maximum wind speed was 23 m/s (45 knots) at 2100 LT 24 August. On the other hand, from JTWC data, the maximum wind speed was 28 m/s (55 knots) at 2100 LT 24 August. The gale radius was about 200 km.
[21] Figure 3 shows a time series of hourly wind vectors at Itokazu (I in Figure 1 ) from 18 August to 28 August 1995. The wind direction was northwestward until 20 August. On 20 August, the wind vectors rotated counterclockwise and changed to the southwestward direction. The wind direction was northwestward from 0600 LT to 1000 LT 21 August, but the direction changed to southwestward. It then changed to northwestward again at 1100 LT 21 August, and wind speed increased. The wind speed was greater than 10 m/s from 1900 LT 22 August to 0900 LT 24 August. The maximum hourly wind speed in Itokazu was 14.5 m/s at 1400 LT 23 August.
Typhoon Parameters and Structure
[22] Table 1 lists the parameters of typhoon Janis as it passed near the HF-ocean-radar observation area. Most parameters were obtained from JMA best-track data. Parameter R max (radii of maximum wind speed) was estimated by seeking the maximum of equation (2). The transition speed U t = jU t j is large, when the typhoon is close to the HF-ocean-radar observation area. The parameter IP Â U t , which is proportional to the oceanic wavelength of the response induced by a moving tropical cyclone [Price, 1983] , was large on 23 August. The values of r 0 and R max become smaller when the typhoon intensity becomes larger.
[23] Figure 4 shows examples of pressure field, wind speed, wind stress curl, and wind stress divergence. The wind stress was calculated from the bulk formula of Large and Pond [1981] . The pressure field is symmetric with respect to the storm center. It can be seen that the wind speed field is asymmetric (Figure 4b ), because of the storm motion. The distance between HF-ocean-radar observation area and the storm center is about 3 times R max at 1500 LT 23 August.
[24] The wind stress field curl is negative in most of the observation area. The stress-divergent field is convergent in front of the storm (Figure 4d ). We can expect that the wind stress field is convergent before the typhoon passage, and the wind stress field is divergent after the typhoon passage.
Mesoscale Eddies
[25] Figure 5 presents maps of sea level anomalies (SLA) in the region east of Okinawa Island during the observation period of the HF ocean radars. The SLA were estimated from altimetric data by ERS and TOPEX/Poseidon, and provided from Archiving, Validation and Interpretation of Satellite Oceanographic data (AVISO). The SLA from AVISO altimetric data were estimated by removing the time-mean surface from 1993 to 1995, geoid heights, tidal height signals, and the effects of the inverse barometer [AVISO, 1998] .
[26] An anticyclonic eddy can be seen in the vicinity of the HF radar observation area. The mean geostrophic currents are weak compared to geostrophic current anomalies in this region [e.g., Hisaki et al., 2001] ; therefore, we can expect northeastward geostrophic currents in the HFradar observation area.
Surface Currents Observed by HF Radar
[27] Figure 6 shows examples of surface currents observed by HF ocean radars the passage of typhoon Janis ( Figure 6a ) and a non-typhoon period ( Figure 6b ). The surface currents are mainly composed of geostrophic currents, wind-driven currents, and high-frequency currents such as tidal and near-inertial currents. In the typhoon period, the HF-radar observation area was small, because the SN (signal to noise) ratio in the measured Doppler spectra was low in the high-sea state because of the loss of radio waves in the propagating sea surface.
[28] The surface currents in the offshore region were northeastward in both Figures 6a and 6b. The currents were associated with the anticyclonic eddy shown in Figure 5 .
[29] Geostrophic currents also contribute to surface currents in the offshore region even during the typhoon period. The surface currents in the nearshore region in Figure 6a were northwestward, because wind-driven currents were dominant in the observed surface currents. The wind-driven current was likely to be dominant in the nearshore region, while currents associated with the eddy contribute to observed surface currents in the offshore area as suggested by Hisaki et al. [2001] .
[30] The background current field, which is inferred as geostrophic currents from density profiles, should be removed to examine the kinematical response to the strong forcing [Shay et al., 1998a] . However, because we do not have density profiles, only low-frequency currents were estimated as a background current. The estimated lowfrequency current may include the geostrophic current associated with the horizontal density gradients induced by the typhoon.
[31] The low-frequency current vectors were estimated by the following method. Because there were data gaps, as shown in Figure 6a , we estimated low-frequency currents by fitting sine waves plus a linear trend to the observed currents by the least squares method. The periods of the sine waves were T p = 384/i (hour) (i = 1, .., N p , N p = 8), and four main tidal periods (M 2 : 12.42 hour, K 1 : 23.93 hour, S 2 : 12.0 hour, O 1 : 25.82 hour). The harmonic constants were also estimated by this method, and the currents were detided by using the four main tidal coefficients.
[32] Figure 7 shows examples of low-frequency currents, (relative) vorticity, and horizontal divergence of the currents. The vorticity and divergence were normalized by local inertial frequency f. The current directions were northeastward. The magnitudes of the low-frequency currents were small near the coast but large in the offshore area. As a result, the vorticity of the low-frequency currents was positive in most of the observation area, although an anticyclonic eddy can be seen in Figure 5 . The relative vorticity was negative only in the southeastern part of the observation area. These features can be seen in both Figures 7b and 7e. The negative vorticity area was the largest in Figure 7e and the smallest in Figure 7h in this example. In Figure 7c , the divergence was positive south of latitude 26°N, which is associated with the transition between negative and positive vorticity areas. The low-frequency current was convergent in the eastern part of the observation area at 1200 LT 23 August (Figure 7f ). The magnitude of the divergence was smaller than that of the vorticity. The positive or negative divergent areas were variable with time (Figures 7c, 7f , and 7i).
[33] The authors expected that near-inertial currents associated with the passage of the typhoon would be dominant during the observation period. Figure 8 shows rotary spectra of raw and detided currents at a nearshore point (26.059°N, 127.945°E) and an offshore point (25.951°N, 128.065°E). The rotary spectra are estimated by MEM (Maximum Entropy Method), and the order of the autoregressive model was estimated by the Burg method. The period of the spectral analysis is from 1400 LT 102  998  7  81  21  794  0900 23 August  90  998  10  73  18  1045  1500 23 August  108  998  10  83  18  1038  2100 23 August  95  996  5  77  20  470  0300 24 August  84  996  3  69  20  303  0900 24 August  48  994  4  43  20  349 20 August 1995 to 2200 LT 10 September 1995. Spectra of raw currents are also shown in order to compare with the spectra of the detided currents. It is clear that near-inertial currents with clockwise rotation are dominant in Figure 8 .
[34] Furthermore, the spectral level at the inertial frequency at the offshore point is larger than that in the nearshore area. The peak frequency of the detided currents is equal to the inertial frequency in Figure 8b . It is different from the inertial frequency in Figure 8b . This result may have nothing to do with the subinertial current-vorticity field due to the mismatch in scales.
[35] The spectra is flat above a 12-hour semidiurnal tide except the peaks at 6 and 8 hours. These peaks may be side lobes or compound tides. The sampling interval of HF ocean radar currents was 2 hours, and the band higher than 10 hours is defined only by less than five data points. The Figure 4 . Example of the horizontal structure of typhoon Janis described by equations (5) and (1) flat shape of the spectra was due to noise according to Shay et al. [1995 Shay et al. [ , 1998c , while their sampling interval of HF ocean radar currents was 20 min.
[36] We examined the temporal and spatial changes in energy distributed near the inertial frequency by the complex demodulation, which is similar to that of Brink [1989] and Emery and Thompson [1998] . The method was to estimate a near-inertial amplitude A and a phase f by seeking the minimum of I defined as
where t l = t + lÁt, (u(t), v(t)) is the detided currents at time t, and Át = 2 hours. The real variables A (amplitude), f ( phase), a (slope), and b (bias) at time t were estimated by the least squares method. The parameter L = 14 and the piece lengths are approximately two local inertial periods. The horizontal wave number vector k = (k x , k y ) = rf, where r denotes horizontal gradient, was calculated by seeking the minimum of J as
where (m, n) is the grid number, and f m,n is the phase at position (x m , y n ). The near-inertial current vector rotated clockwise, and the direction of k = rf is the phase propagation direction. Variables k x , k y and d were estimated from measured currents in the HF-radar observation area.
[37] Figure 9 shows the horizontal distribution of nearinertial amplitudes A at 1200 LT from 21 to 26 August 1995. Amplitude A on 20 August 1995 could not be obtained. Near-inertial amplitudes were large on 21, 22, and 23 August, but they decreased from 24 August. The near-inertial amplitudes were small near the shore and large in the southeastern part of the HF-radar observation area, where the water depth is greater than 1000 m. This is in contrast to the measurements of Chen et al. [1996] , who showed that a near-inertial amplitude was the largest in the shelf break and was reduced offshore.
[38] Figure 10 shows a time series of horizontal-wave directions and wavelengths of near-inertial currents. The near-inertial wave direction was southward until 23 August 1995, and turned to the northwestward on 23 August, while wind direction changed from southwestward to northwestward on 22 August (Figure 10b ). Near-inertial wave directions were scattered after near-inertial amplitudes became small (on 25 August).
[39] The near-inertial wave direction was close to the wind direction (Figure 10b ) when near-inertial oscillations were dominant. The near-inertial wavelength was on the order of 100 km until 23 August and on the order of 1000 km on 23 August. The near-inertial wavelength was long when the wave direction was northwestward. However, there were a few exceptions, when the near-inertial wavelength was the longest, and the error of the near-inertial wave number vector was sensitive to the error of phase. In contrast to the large spatial variability of near-inertial amplitudes A during the period, the spatial variability of the phase f was small.
[40] The value of IP Â U t was close to the near-inertial wavelength until 24 August, when the typhoon was near the HF radar observation area. Price [1983] showed that alongstorm track wavelength was IP Â U t , and the cross-storm track scale is the storm scale. If the near-wave direction is northwestward (Figure 10a ), the agreement of near-inertial wavelength with IP Â U t is consistent with Price [1983] . 12 -10 discussed the relationship and concluded that near-inertial oscillations are damped (amplified) with time when quasigeostrophic currents are divergent (convergent).
[42] We used a simple slab model based on the equations
where
x = (x, y) is the horizontal coordinate, u q = (u q , v q ) is the quasi-geostrophic flow, u m = (u m , v m ) is the mixed layer velocity, H is the depth of the mixed layer of density r, t x and t y are the components of the wind stress vector, and c m is a damping coefficient. This model is somewhat different from that of Weller [1982] and Weller et al. [1991] . The terms U a and V a are added to Weller's model. The Doppler shift of the near-inertial wave is considered by adding the terms U a and V a .
[43] There is a large difference between HF-ocean-radar derived currents and ocean mixed-layer currents in both magnitude and direction. The former currents are those at depth l B /(4p) of 0.5 m, where l B is the Bragg wavelength [Stewart and Joy, 1974] . Our approach assumes that the HFradar-derived surface currents reflect the mixed layer currents. The low-frequency current estimated in section 3 was used as a quasi-geostrophic current u q = (u q , v q ). The domain of the computation is only the area from which the low-frequency currents were estimated, and it is much smaller than the area affected by the typhoon.
[44] We considered two types of wind field models. One model is a uniform wind field model (UWFM), in which the wind field is uniform over the model domain. The wind vector of the UWFM (V UW ) is the wind vector at Itokazu multiplied by a factor of 1.15, which was determined from the comparison of wind speeds at Itokazu and those given by TCWPM (equation (5)).
[45] The other model is a blended tropical-cyclone windprofile model (BTCWPM), in which the TCWFM is blended into the UWFM. The wind vector of the BTCWPM (V BC ) is written as follows:
where V bg is the background wind field [Chu et al., 2000] . The background wind field was estimated as V bg = V UW À V TC .
[46] Figure 11 , which is similar to Figure 3 , shows the time series of wind vectors for the BTCWPM at 26°N and 128°E. This figure shows the clockwise rotation of the wind vector associated with the passage of the storm on 23 August, while the clockwise rotation cannot be seen clearly in Figure 3 . The wind speeds given by the BTCWPM are larger than those given by the UWFM from 0900 LT 23 to 1700 LT 23 August. The wind speeds given by the UWFM are larger than those given by BTCWPM from 2100 LT 22 to 0800 LT 23 August, and from 1800 LT 23 to 1600 LT 24 August. The wind speeds given by the BTCWPM are the same as those given by the UWFM in other periods.
[47] The UWFM does not represent the wind field associated with a passage of the typhoon. However, the mixed layer current was simulated by using the UWFM to isolate the effect of quasi-geostrophic currents on the horizontal variability of near-inertial currents. Furthermore, the effect of the storm movement on near-inertial currents can be clarified by considering the UWFM.
[48] The mixed-layer-current vector, u m , was calculated by using both UWFM and BTCWPM. It was assumed u m was zero at 0600 LT 15 August 1995. The horizontal gradient of (u m , v m ) in the upstream boundary was zero. The wind stress was calculated with the bulk formula of Large and Pond [1981] . Because there are unknown parameters in equations (8) and (9) [49] The multiplication factor 1.15 was fixed, because changing the value of the factor is almost equivalent to changing the parameter H. The time step was 1 min and the upstream scheme was adopted. Near-inertial amplitudes A, phase f, and horizontal wave number vector k were estimated as stated in section 3 from calculated (u m , v m ).
Results of a Numerical Computation in the Case of No Mesoscale Flows
[50] In the case of no mesoscale flows (u q = (u q , v q ) = 0), equations (8) and (9) are written as
where U m = u m + iv m and À = À(t) = (t x + it y )/(rH ). The solution of equation (13) is
where U m0 = U m at t = 0. If the wind stress rotates clockwise with a radian frequency f, i.e., À(t) / exp(Àift), and c m = 0, equation (14) shows that the inertial amplitude is a linear function of time t. Figure 12a shows time series of observed near-inertial amplitudes and predicted near-inertial amplitudes from equation (14) for UWFM and BTCWPM at 26°N and 128°E. Observed near-inertial amplitudes are largest on 22 August, while predicted near-inertial amplitudes are largest on 24 August. The near-inertial amplitudes for the BTCWPM are much larger than those for the UWFM. We applied the complex demodulation (section 3) to the wind stress vectors at 26°N and 128°E for the UWFM and the BTCWPM. Figure 12b shows time series of clockwise rotation amplitudes at radian frequency f. The clockwise rotation amplitudes are large from 22 to 24 August. The magnitudes of the BTCWPM wind stress are larger than those of the UWFM wind stress from 0900 LT 23 to 1700 LT 23 August. The large inertial amplitudes of the BTCWPM wind stress are due to not only the large magnitudes of the BTCWPM wind stress but also due to the clockwise rotation of the BTCWPM winds associated with the storm movement.
[51] The near-inertial amplitudes are amplified with time ( Figure 12a ) from 22 to 24 August as expected from equation (14). Figure 12c shows the horizontal distribution of calculated near-inertial amplitudes for the BTCWPM at 1200 LT 23 August. The horizontal variability of nearinertial amplitudes was much smaller than that of observed near-inertial amplitudes (Figure 9c ).
Results of the Numerical Computation for Uniform Wind Fields
[52] Figure 13 shows the horizontal distribution of nearinertial amplitudes calculated by the UWFM. The nearinertial amplitude was small in 1200 LT 21 August. The amplitudes became larger at 1200 LT 22 August (Figure 13b ), but they were still smaller than those in Figure 9b . The amplitudes were larger at 1200 LT 23 August (Figure 13c) , especially in the offshore area (as in Figure 9c ), although the large-near-inertial amplitude area in Figure 9c was located in the southern part of the HF-radar observation area. The near-inertial amplitudes were still large at 1200 LT 24 August (Figure 13d ), while the amplitudes became smaller in Figure 13d . The near-inertial currents decayed at 1200 LT 25 August (Figure 13e ), but the horizontal variability was still large. The amplitudes were small at 1200 LT 26 August (Figure 13f ) , and the horizontal variability was not clear. In summary, as shown by the observed currents, the near-inertial amplitudes were the largest in the offshore area; however, there was a time lag of growth and decay between the observed and the predicted near-inertial currents.
[53] Figure 14 shows a time series of horizontal wave directions and wavelengths of calculated near-inertial currents. The near-inertial wave directions were also southward until 21 August 1995. The near-inertial wave vector rotated clockwise, and the direction was northeastward from 22 August to 26 August. The near-inertial wave directions were close to the wind directions shown in Figure 10 .
[54] The near-inertial wavelength was on the order of 100 km, and the longest wavelength was about 1000 km when the predicted near-inertial amplitude was large. This result is consistent with the measured values (Figure 10c) , although the calculated wavelengths were shorter than the measured ones. The near-inertial wavelengths agree with the value of with IP Â U t on 24 August when the predicted near-inertial amplitudes are large.
Sensitivity to Parameters
[55] Figure 15a shows the horizontal distribution of calculated near-inertial amplitudes at 1200 LT 23 August for H = 20 m and c m = 0.22 day À1 . In the case of large H, predicted near-amplitudes are small; however, the horizontal distribution pattern of near-amplitudes is similar to that in Figure 13c . The near-amplitudes are large in the southeastern part of the HF-ocean-radar observation area. Figure 15b shows Figure 15b shows no significant differences from Figure 13e .
[56] Figures 15c and 15d show time series of horizontal near-inertial wave directions and wavelengths. There are no apparent differences between Figure 14 and Figures 15c and  15d . The near-inertial amplitude depends on H, but the horizontal distribution pattern of near-inertial amplitudes does not depend on H or c m . The near-inertial wave phase also does not depend on H or c m .
[57] To simulate mixed layer currents, the model was initialized with the inertial wave field at 0000 LT 21 August. The initial mixed layer currents u m were estimated by extracting low-frequency currents and tidal currents from observed currents as explained in section 3. Figures 15e and  15f show near-inertial amplitudes at 1200 LT 24 August for the initial u m and c m of 0.22 day À1 . In the case of H = 10 m, the near-inertial amplitudes become larger; on the other hand, in the case of H = 50 m, the near-inertial amplitudes become smaller. This shows that the near-inertial waves vanish as the mixed layer deepens.
Spatial Variability of Wind Field
[58] Figure 16 shows the horizontal distribution of calculated near-inertial amplitudes for BTCWPM. The parameter H is 50 m, but near-inertial amplitudes are larger than those for the for UWFM (Figure 13 ). The wind speed for UWFM (Figure 13 ) is almost the same as that of the BTCWPM ( Figure 16) ; there are significant differences in near-inertial amplitude. Because the wind vector of the TCWPM rotates clockwise in time and there is a nearresonance between wind-forcing vectors and near-inertial currents, the near-inertial amplitude becomes larger as shown Figure 16 . The near-inertial amplitude was large near the shore (Figures 16b -16d) . The effect of the island is not considered in the BTCWPM and the wind speed inferred from the BTCWPM is larger than the true wind speed. Therefore, the near-inertial amplitude was overestimated. The dependencies of near-inertial amplitudes on parameter H and c m are the same as those for the UWFM.
[59] The BTCWPM was used to calculate mixed-layer currents (u m , v m ). Figure 16 shows the horizontal distribution of calculated near-inertial amplitudes for calculated by the BTCWPM. Parameter H is 50 m, but near-inertial 12 -14 amplitudes are larger than those given by the UWFM (Figure 13 ). The wind speed determined by the UWFM (Figure 13 ) is almost the same as that given by the BTCWPM (Figure 16 ), but there are significant differences in near-inertial amplitude. Because the wind vector given by the TCWPM rotates clockwise in time and there is a nearresonance between wind-forcing vectors and near-inertial currents, the near-inertial amplitude becomes larger (as shown in Figure 16 ). The near-inertial amplitude was large near the shore (Figures 16b-16d ). The effect of the island is not considered in the BTCWPM, and the wind speed inferred from the BTCWPM is larger than the true wind speed. The near-inertial amplitude was therefore overestimated. The dependencies of near-inertial amplitudes on parameters H and c m are the same as those given by the UWFM (section 4.4).
[60] Figure 17 shows a time series of horizontal wave directions and wavelengths of calculated near-inertial currents given by the BTCWPM. Note that Figure 17 is similar to Figure 14 . However, one difference is that the nearinertial wave direction is almost westward or southwestward on 22 August in Figure 17a , while it is westward or northwestward on 22 August in Figure 14a . This difference in direction is due to the movement of the typhoon. The clockwise angle from vector U t to vector r is larger in the eastern part of the HF-radar observation area than that in the western part (Figure 2) , and the phase f is more advanced in the eastern part. The direction of the vector k = rf was therefore westward. The other difference is that the maximum wavelength occurs on 24 August in Figure 14b , but it occurs on 22 August in Figure 17b , which is the transition period from the uniform wind field to the TCWPM in the BTCWPM. The horizontal distribution of near-inertial phase f is complicated by the combined effect of the horizontal variability of the winds and mesoscale currents. As a result, estimated wave number k = jkj is small in this period. The agreement of the near-inertial wavelengths with IP Â U t is also good on 24 August, when the predicted near-inertial amplitudes are large.
Discussion
Dispersion Relation
[61] The spatial variability of near-inertial amplitude A is discussed in terms of the dispersion relation derived from equations (8) and (9). It is assumed that near-inertial wave variables can be written in the form of a plane wave that is proportional to exp(i(k Á x À wt)), where w = w r + iw i is the complex frequency, w r is the real part, and w i is the imaginary part. It is also assumed that u q , v q , @u q /@x, @u q / @y, @v q /@x, and @v q /@y are constants. The right-hand side of equations (8) and (9) are considered to be zero (t x , t y = 0, c m = 0) here. If j@u q /@xj, j@u q /@yj, j@v q /@xj, j@v q /@yj ( f [Kunze, 1985] ,
and [Weller, 1982] 
are obtained. Equation (16) shows that near-inertial oscillations are damped (amplified) with time when quasigeostrophic currents are divergent (convergent). Near-inertial amplitudes (Figures 9 and 13 ) are likely to be related to the divergence of low-frequency currents (Figure 7 ).
[62] Equations (8) and (9) can be written in terms of U m = u m + iv m . If it is assumed that U m / exp(i(k Á x À wt)), the auxiliary equation for w can be obtained as
Thus w can be calculated from u q and k by solving equation (17).
[63] Figure 18 shows contour maps of w i /f for w r < 0, where w = w r + iw i is the solution of equation (17). The horizontal wave number vector k is estimated from predicted currents (Figure 14) . Positive (negative) w i indicates an amplification (decay) of near-inertial amplitude A with time. The value of w i indicates the growth rate of the inertial wave.
[64] The value of w i of Weller [1982] (equation (16)) is about ±0.1f from Figure 7 , so the value of w i in Figure 18 is larger than that given by equation (16). The value of w i is small in Figure 18a , and the predicted near-inertial amplitude is also was small at that time (Figure 13a ). The value of w i became larger at 1200 LT 22 August (Figure 18b ). This value was the largest in the northwestern part and the eastern part of the HF-radar observation area in Figure 18b .
This result is consistent with Figure 13b , but the near-inertial amplitude in the northwestern part is small in Figure 9b . The value of w i became even larger at 1200 LT 23 August (Figure 18c ). In this figure, the growth rate was the largest in Figure 18c , where the predicted near-inertial amplitude was the largest (Figure 13c) .
[65] The value of w i became smaller at 1200 LT 24 August (Figure 18d) . However, the growth rate was the largest in the eastern part of the HF radar observation area in Figure 18d . Thus the growth rate was related to the horizontal distribution of near-inertial amplitudes.
[66] The value of w i was the largest in the eastern part of the observation area. It seems to be the largest on 21 August in this example. This result shows that the near-inertial amplitude grew on that day. In some cases, the near-inertial amplitude was small even if the value of w i was large. The wind stress was also small in these cases. The wind stress and the value of w i are important for interpreting spatial and temporal variability of near-inertial oscillations.
Comparison Between Observed and Predicted Near-Inertial Oscillations
[67] The discrepancies in near-inertial amplitudes are those of temporal variation and spatial variation. As an example of temporal variation, near-inertial amplitudes were large on 22 August and small on 24 August for the observed currents. On the other hand, near-inertial amplitudes were small on 22 August and large on 24 August for the predicted currents.
[68] The first possible explanation of the discrepancy is the temporal variations of the mixed-layer depth H. Depth H was shallow until 22 August, and deepened from 23 August. The transition speed of the typhoon reduced from 24 August. The entrainment is significant under slowly moving tropical cyclones [Price, 1983] , and the mixed-layer depth H was increased. The discrepancies on 23 August (Figures 13b and  16b ) and on 25 August (Figures 13b and 16b) can be explained by the temporal variations of mixed-layer depth H. A second possible explanation of the discrepancy is that the wind stress is not realistic both in the BTCWMP and the UWFM. The wind direction was changed significantly, and temporal variation of winds was complicated from 21 to 22 August (Figure 3) , which suggests that spatial variability of the wind field was also complicated. A third possible explanation is the error of the estimated low-frequency currents. The HF-ocean current data were not available from 18 August to 19 August (section 2.1), and the error of the low-frequency currents inferred from the interpolation is large. These results thus mean that the near-inertial amplitude is sensitive to the low-frequency currents (Figure 13) .
[69] The spatial discrepancy between the predicted and observed near-inertial amplitudes shows that the near-inertial amplitudes estimated from the observed currents were large in the southern part of the observation area, whereas the near-inertial amplitudes estimated from the predicted currents were large in the southeastern part. This discrepancy may be due to the small area of the computation, or the effect of the boundary condition. The other discrepancy in the spatial variability of near-inertial amplitude is that the near-inertial amplitudes of predicted currents were large near the coast (Figure 16 ). This discrepancy is not significant in the case of the UWFM (Figure 13 ). However, in the case of the BTCWPM, it is due to the overestimation of wind speeds.
[70] The near-inertial wave direction of the observed currents changed to northwestward from southward on 23 August. However, the direction estimated from predicted currents changed from southward to northwestward in the case of the UWFM (Figure 10a) or westward in the case of BTCWPM (Figure 17a ). Because the scale of the computation domain is much smaller than the horizontal wavelength, the wave number vector is sensitive to the error of phase f. Therefore the wave number vector estimated from the predicted currents does not agree with the wave number vector estimated from the observed currents.
Conclusions
[71] The horizontal spatial variability of near-inertial currents associated with a passage of a typhoon (tropical storm) was investigated by means of HF ocean radars. This investigation showed that the near-inertial amplitude was large in the offshore area and small near the coast. Moreover, the phase-propagation direction was close to the wind direction when the near-inertial oscillation was dominant. The order of the maximum near-inertial wavelength was 1000 km when the near-inertial amplitude was the largest. In addition, the near-inertial wavelength was close to the product of the inertial period and the storm translation speed.
[72] A slab model, which incorporates low-frequency currents, was used to calculate near-inertial currents. In the model, the near-inertial amplitude was large in the offshore area but small near the coast. The phase-propagation direction was also close to the wind direction in the model for the UWFM, and the maximum near-inertial horizontal wavelength was on the order of 1000 km. The near-inertial wavelength was also close to IP Â U t when the near-inertial oscillation was large.
[73] The spatial and temporal variability of near-inertial oscillations were interpreted according to a dispersion relation derived from the slab model. A positive (negative) value of w i , which is the imaginary part of the solution of equation (17), indicates the growth (decay) of near-inertial oscillations. This value was large in the offshore area, which indicates the growth ratio of near-inertial oscillations was large. The possible reasons for the discrepancy between the observed and predicted near-inertial currents were temporal and spatial variability of the mixed-layer depth, errors of wind stress and mesoscale currents, and the small area of the simulation.
[74] The propagation of near-inertial waves cannot be considered because of the small area of the simulation. Accordingly, the authors should calculate near-inertial currents in a large domain. Such application of the model to a large area is the next subject of study.
